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PREFACE

The Electromagnetic Compatibility Analysis Center (ECAC) is a Department
of Defense facility, established to provide advice and assistance on
electromagnetic compatibility matters to the Secretary of Defense, the Joint
Chiefs of Staff, the military departments, and other DoD components. The
Center, located at North Severn, Annapolis, Maryland 21402, is under policy
control of the Assistant Secretary of Defense for Communication, Command,
Control, and Intelligence and the Chairman, Joint Chiefs of Staff, or their
designees, who jointly provide policy guidance, assign projects, and establish
priorities. ECAC functions under the executive direction of the Secretary of
the Air Force, and the management and technical direction of the Center are
provided by military and civil service personnel. The technical support
function is provided through an Air Force sponsored contract with the IIT
Research Institute (IITRI).

This report was prepared for the Program Engineering and Maintenance
Service of the Federal Aviation Administration in accordance with Interagency
Agreement DOT-FA70WA1-175, as part of AF Project 649E under Contract F-19628-
80-C-0042, by the staff of the IIT Research Institute at the Department of
Defense Electromagnetic Compatibility Analysis Center.

To the extent possible, all abbreviations and symbols used in this report
are taken from American Standards Y10.19 (1967) "Units Used in Electrical
Science and Electrical Engineering" issued by the USA Standards Institute.

IL-7i

GAR M. PATRICK KALLE R. KONTSON
Project Manager, IITRI Director

Contractor Operations

Approved by:

CHARLES L. FLYNN, Col, U F OHN R. rBLANDJR., Lt Col, USAF

V." Colonel, USAF U" Air Force Deputy Director

Director
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EXFCIYTIVF SIMMARY

FI.

The Traffic Alert and Collision Avoidance System (TCAS) analyzed in this

report was developed to provide a collision-avoidance function for TCAS-

ertipped aircraft in air traffic environments populated with both Air Traffic

rontrol Radar Feacon System (ATCRRS) and Mode S (referred to previously as the

Discrete Address Beacon System (DABS)) transponder-equipped aircraft. TCAS-

equipped aircraft perform the Collision Avoidance System (CAS) tracking

function by actively interrogating other aircraft operating in the local

airspace. The Federal Aviation Administration (FAA) requested that the Ilk

Electromagnetic ompatibility Analysis Center (FCAC) investigate the effect of

these TCAS-related emissions on the performance of the ATCRBS Automated Radar

Terminal System (ARTS) III processor and a hypothetical Mode S sensor.

Currently, two versions of TCAS are being developed to provide various

levels of collision-avoidance protection. For this analysis, TCAS operations

were modeled in accordance with a simple TCAS I and a minimum TCAS II (TCAS II

M) desiqn. TCAS II M, the more sophisticated of the two systems, maintains a

safe separation from all other air traffic by tracking local intruders via the

exchanqp of ATCRBS- and Mode S-formatted siqnals. The FAA is considering the

T AS II M design for use in commercial aircraft. TCAS I, a lower cost, less

sophisticated version of the WAS II M system, will locate nearby aircraft by

periodically eliciting replies using an ATCRRS interrogation format. TCAS I

emission powers of 20, 120, and 500 watts were used in this analysis. The FAA

is considering the TCAS I system for use by general aviation aircraft.

A TAS Signal Fnvironment Model (SEM) was developed by ECAC to simulate

both TCAS I and TCAS II M operations and to construct the resultant TCAS-

related siqnal environment. This TAS signal environment was merged with a

simulated qround-based air traffic control (ATC) signal environment which was

constructed using the DABS/ATCRBS/AIMSa Performance Prediction Model (PPM).

:.

ame name DABS is used only in referring to the computer model DABS/ATCRRS/

AIMS. The model was developed prior to DABS being referred to as Mode S.

iii '
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The DABS/ATCRBS/AIMS PPM was used to predict the performance of selected

ground-based ATC systems in the composite TCAS and ATC signal environment.

Simulations were conducted to predict the impact of TCAS II M emissions

on the performance of both the Long Beach ATCRBS interrogator with an ARTS III

processor and a hypothetical Mode S sensor located, for the study, at Los

Angeles (LAX-4). In addition, simulations to predict the impact of the

combined TCAS I and TCAS II M signal environment at the Long Beach ATCRBS

interrogator were conducted. Six air traffic deployments were constructed as

subsets of a hypothesized peak Los Angeles Basin airborne deployment. ATCRBS

ground system performance was predicted both with and without TCAS II M

operating, as well as with and without the combined TCAS I and TCAS II M

operating. Mode S ground system performance was predicted with and without

TCAS II M operating. ATCRBS performance was predicted based on the ability of

the ARTS III processor system to detect, code validate, and track aircraft.

Mode S sensor performance prediction was based on the ability of the sensor to

elicit decodable surveillance and data-link replies from Mode S-equipped

aircraft with a minimum number of interrogations. Mode S performance was also

measured in terms of the sensor's ability to detect ATCRBS aircraft and

receive Modes A and C reply codes with high confidence.

For the Long Beach ATCRBS simulations, it was predicted that the

operation of TCAS II M in any of the air traffic deployments analyzed will

have the following effects:

On the transponders:

1. Will reduce average reply efficiency by a maximum of 1.9%.

On the interrogator:,

1. Will not reduce target detection efficiency

2. Will reduce the Mode A validation efficiency by a maximum of 0.3%

iv
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3. Will reduce the Mode C validation efficiency by a maximum of 0.7% 4-

4. Will not significantly reduce the ability to track aircraft.
* *i1.

For the Long Beach ATCRBS simulations, it was predicted that the

operation of both TCAS I and TCAS II M, using any of the three TCAS I emission

powers (20, 120, and 500 watts), will have the following effects:

On the transponders:

1. Will reduce average reply efficiency by a maximum of 2.5%.

On the interrogator:

1. Will not reduce target detection efficiency

2. Will reduce the Mode A validation efficiency by a maximum of 1.3%

3. Will reduce the Mode C validation efficiency by a maximum of 2.4%

4. Will not significantly reduce the ability to track aircraft.

For the simulations of the hypothetical Mode S sensor at Los Angeles, it

was predicted that the operation of TCAS II M in any of the air traffic

deployments analyzed will have the following effects:

On the transponders:

1. Will reduce average reply efficiency by a maximum of 1.5%.

On the interrogator:

1. Will not reduce the target detection efficiency

2. Will not reduce the high-confidence Mode A validation efficiency

3. Will not reduce the high-confidence Mode C validation efficiency

4. Will increase the roll-call interrogation rate by a maximum of 0.8%. . -

v. 2~.;.. .
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In addition to the analysis described above, the FAA requested that FCAC

rompare the environment of ATCRRS interroqatorR in the Tos Angeles Rasin area

used in the analysis to the actual operational environment of such emitters.

."is request was made because the fruit rates generated by FCAC's computer

simulation model were higher than those measured during a Lincoln laboratory

flight test. ibis was expected since the original interrogator environment

was developed with the assumption that all interrogators in the environment

were operational continuously. Ihis is a worst-case assumption; however, it

does not affect the results of analyses such as this TCAS study, where impact

is presented in terms of comparative performance predictions, (i.e., the

difference in ATCRBS and Mode S performance with and without TCAS). This

request prompted ECAC to investigate the current location, status, and

operational characteristics for each of the interrogator sites used in the

current analysis. The results of the investigation were used to define an

updatd interrogator deployment. The fruit rates for the updated deployment

were predicted by the computer simulation model and compared favorably (within

7.2%) with the Lincoln Laboratory measurements. ibis new updated los Angeles -"

Pasin environment was used only for model validation purposes.
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SECTION 1

INTRODUCTION

BACKGROUND

Several airborne Collision Avoidance Systems (CAS) that are compatible

with the existing FAA Air Traffic Control Radar Beacon System (ATCRBS) and the

planned Mode S system (formerly denoted DABS, Discrete Address Beacon System)

have been proposed.

During the past several years, the Federal Aviation Administration (FAA)

has requested the Electromagnetic Compatibility Analysis Center (ECAC) to

study the impact of various CAS systems on existing and proposed Air Traffic

Control (ATC) systems. I '2 In FY-81, the FAA requested that ECAC investigate

the effects of an annidirectional version of TCAS on ATCRBS and Mode S system

performance in a hypothetical Los Angeles Basin air traffic deployment and in

subsets of that deployment. 3 , 4  For those air traffic deployments, it was

predicted that TCAS activity would not degrade ATCRBS or Mode S ATC system

performance; however, interference-limiting constraints resulted in undesired

reductions in the protection volume of TCAS-equipped aircraft that were

operating in densely populated airspace.

ITheberge, Norman, The Impact of a Proposed Active BCAS on ATCRBS Performance

in the Washington, DC, 1981 Environment, FAA-RD-177-140, FAA, Washington,
DC, September 1977, ADA 048589.

2Gettier, C., et al, Analysis of Elements of Three Airborne Beacon Based

Collision Avoidance Systems, FAA-RD-79-123, FAA, Washington, DC, May 1979,

ADA 082026.

3Hildenberger, Mark, User's Manual for the Los Angeles Basin Standard

Traffic Model (Card Deck/Character Tape Version), FAA-RD-73-89, FAA,
Washington, DC, May 1973, ADA 768846.

4patrick, G., and Keech, T., Impact of an Omnidirectional Traffic Alert and
Collision Avoidance System on the Air Traffic Control Radar Beacon System and

the Discrete Address Beacon System, FAA/RD-81/106, FAA, Washington, DC,
November 1981, ADA 116170.

1-1 ::

-----------------. -, .",

S... . .. . . .... . . .



DOT/FAA/PM-84/30 Section 1 ,"4

To maximize the protection area for TCAS-equipped aircraft operating in

future high-density environments, the FAA proposed a directional, scanning

TCAS design which uses ATCRBS and Mode S emission characteristics, and

associated revisions to interference-limiting procedures.
5 The design was - .

chosen to reduce the extent of interference limiting and thus allow TCAS-

equipped aircraft to successfully perform the collision avoidance function in

even the most congested airspace and also to reduce the potential for

interference with ground-based ATC systems. The FAA developed two types of

TCAS units: TCAS I and minimum TCAS II (TCAS II M). TCAS II M, the more

sophisticated of the two systems, is designed for omnidirectional Mode S

surveillance capability and a limited directional ATCRBS surveillance

capability. TCAS II M-equipped aircraft track nearby ATCRBS transponder-

equipped aircraft by periodically eliciting replies using an ATCRBS-only

interrogation format; nearby Mode S transponder-equipped aircraft are tracked

by periodically eliciting replies using a Mode S interrogation format. The

FAA is considering the WCAS II M design for use in commercial aircraft. TCAS

I, a less expensive version of TCAS II M, locates nearby aircraft, both ATCRBS

and Mode S, by periodically eliciting replies using an ATCRBS interrogation

format. Three emission powers of 20, 120, and 500 watts were considered for

use with the TCAS I system in the BCAC model. The FAA is considering the TCAS

I design for use in general aviation aircraft.

In view of these and other system changes, and to further investigate the

effects of TCAS II M and the combined TCAS I and TCAS II M operation on ATCRBS

and Mode S performance, UCAC was requested to perform a simulation analysis,

similar to the FY-81 Los Angeles Basin study, to predict the effects of TCAS

on ATC system performance.

5Radio Technical Commission for Aeronautics, Proposed Final Draft for

Minimum Operational Performance Standards (MOPS) for Traffic Alert and

Collision Avoidance System (TCAS) Airborne Equipment, RTCA/DO-185,

Washington, DC, September 1983.

1-2
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In addition, during FY-84 the FAA requested that ECAC compare the

environment of ATCRBS interrogators in the Los Angeles Basin area used in the

analysis to the current operational environment of such emitters. This

request was made because the fruit rates predicted by ECAC's simulation model

were higher than those measured during a Lincoln Laboratory flight test. This

was expected since the original interrogator environment was developed with .
the assumption that all interrogators in the environment were operational all

the time. This is a worst-case assumption; however, it does not affect the

* results of comparative (relative) performance analyses such as those ECAC has

performed. Also it was suggested that changes had occured in the actual

environment since the original environment files were developed. Because of

* this, ECAC was requested to investigate the current location, status, and

operational characteristics for each of the interrogator sites used in the

current analysis. The results of this investigation were used to define an

updated interrogator deployment. The fruit rates using the updated

interrogator deployment were predicted by the computer simulation model, and

* were then compared with the measured results of the Lincoln Laboratory flight

test. This independent analysis is discussed in an appendix to this report.

Sincre this task was presented to ECAC late in FY-84, the updated

*interrogator deployment was not considered for the analysis described in the

body of this report.

* OBJECTIVES

The objectives of the analysis were 1) to predict the impact of the

* proposed TCAS II M on the performance of ATCRBS and Mode S air traffic control

and surveillance systems in a hypothesized peak Los Angeles Basin air traffic

* deployment and in subsets of that deployment, and 2) to predict the effect of

the combined TCAS I and TWAS II M operation on the performance of the Long

Beach interrogator in a reduced air population deployment, with TWAS I

operating at the three power levels of 20, 120, and 500 watts.

1-3
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APPROACH

This analysis was conducted as a simulation using the DABS/ATCRBS/AIMS
6

Performance Prediction Model (PPM) supplemented with the TCAS Signal

7Environment Model (SEM). The DABS/ATCRBS/AIMS PPM is a deterministic

computer model designed to simulate the operations and interactions of ground-

based ATC interrogators and airborne transponders in a selected deployment,

and to predict the resultant ATC performance of a single interrogator-of-

interest (I o ) in that deployment. The tAS SEM is a statistical computer

model designed to simulate the surveillance activity of TCAS II M-equipped

aircraft and to predict the time-average WIAS I and WCAS II M signal rates

" received at each deployed aircraft. TCAS I is modeled as a constant

emitter. These rates are then accessed during a DABS/ATCRBS/AIMS PPM

simulation, and are used as the basis with which to merge (statistically) the

TWAS-related signal environment with signals from ground-based ATC

interrogdtors. The DABS/ATCRBS/AIMS PPM simulation is repeated, using

identical starting conditions (interrogator transmit phase and antenna azimuth

orientations), without accessing TAS I and TCAS II M rates, to predict the I d

performance baseline (i.e., without WAS I and TAS II M operating). The

results of the simulations both with and without TCAS I and TCAS II M are then

compared in order to quantify the effects of TWAS on the performance of the

For this analysis, simulations were conducted using the standard,

hypothesized, peak Los Angeles basin air traffic deployment consisting of 743

transponder-equipped A/C within 60 nmi of the Los Angeles terminal site

. (LAX-4) (see Reference 3). Two additional deployments were developed to

" simulate lower density environments by randomly deleting A/C from the standard

deployment to produce air traffic populations of 474 and 328 aircraft.

6Crawford, C. R., and Ehler, C. W., The DABS/ATCRBS/AIMS Performance

Prediction Model, FAA-RD-79-88, FAA, Washington, DC, November 1979,
ADA 089440.

7Gilchrist, C., The TWAS Signal Environment Model, FAA, Washington, DC,

(to be published).

1-4
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For each of the three air traffic deployments described above,

simulations were performed both with and without TCAS II M using the Long

Beach ATCRBS facility as the 10 . Simulations were also performed, using a

modified version of the 474 aircraft deployment, to determine the effects of

the combined TCAS I and TCAS II M signal environment on the ATCRBS

interrogator at Long Beach. For the planned LAX-4 Mode S facility as the I o ,

similar simulations were conducted for the air traffic deployments of 743 and

474 aircraft. The interrogator deployment for both the Long Beach ATCRBS and

LAX-4 Mode S analysis was developed from the ATCRBS/IFF data base at ECAC.

This deployment, as specified by the FAA, consisted of all interrogators

within 500 nmi of LAX-4. The LAX-4 Mode S deployment differed from the ATCRBS

deployment in that four specified FAA ATCRBS interrogators were modeled as

Mode S interrogators.

The performance of the Long Beach ATCRBS ATC system is determined in

a
terms of the ARTS III target detection and tracking performance. Mode S ATC

* .perform-nce at LAX-4 is determined in terms of the Mode S roll-call

transarction efficiency and the ATCRBS target detection and code processing

performance. Secondary performance prediction parameters, such as transponder

reply efficiency, interrogation rates, suppression rates, and fruit rates, are

also determined for both sites since they are indicative of overall system

performance trends.

In addition to the simulations described above, several simulations were

-. conducted, using only the TCAS SF24 and the air traffic population of 474

aircraft, to determine the effects of variations in the percentage of aircraft

that are TCAS II M-equipped on interrogation and suppression rates.

aARTS III- reply processor associated with ATCRBS FAA terminal sites which

correlates replies to determine aircraft range, altitude, and identification.

1-5
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REPORT.ORGANIZATION

The remainder of this report is divided into five sections anti five

appendixes, as described below.'

Section 2 contains a discussion which includes operational "

':

characteristics of ATCRBS and Mode S interrogators, the interrogator'."

deployments, and the interrogator operation. Transponder operational "'

a._

characteristics are outlined in Section 3, which provides details on the six
different aircraft deployments. Section 4 presents information on the

differences between the TCAS I and TCAS II M designs, their operational '

characteristics, and TCAS II M ATC compatibility design. The results of the""

p..

analysis are given in Section 5, which include the impact of the TCAS

operation on ATCRBS and Mode S performance. Section 6 summarizes the

simulation results of ATCRBS performance at Long Beach and Mode S performance

at Los Angeles. 2"'

The five appendixes give supplementary information such as charts, hesi

tables, and graphs. They are: "

APPENDIX CONTENT

A Aircraft Deployments

iIB Simulation Results

Sc TCAS SEM Results

i D Updated Interrogator Analysis "rainoATE ARTS III Tracker Performance.t sm

1-6-
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SECTION 2

ATCRBS AND MODE S INTERROGATOR OPERATION AND CHARACTERISTICS

INTRODUCTION

The DABS/ATCRBS/AIMS PPM is a detailed computer model that simulates the

signal interactions and overall performance of ATC systems in modeled

environments. Each ATC interrogator is modeled as having a directional

antenna. The antenna rotation rate, gain, and beamwidth, as well as a number

of interrogator characteristics such as transmitter power and receiver

sensitivity, are all assigned in the model according to the characteristics of

that particular interrogator.

This section begins with a description of the interrogator deployments

used in the analysis. Next is a summary of the operational and technical

characteristics, as modeled, for both the Long Beach ATCRBS systems and LAX-4

Mode S system. This is followed by a description of the Mode S surveillance

operations.

INTERROGATOR DEPLOYMENTS

The interrogator deployment was modeled by selecting interrogators from

ECAC's ATCRBS/IFF environment files. The deployment consisted of 61 ATCRBS

interrogators within 500 nmi of Los Angeles and was derived from a total ATC

a
system population of 140 interrogators (Figure 2-1). This resulting

deployment is illustrated in Figure 2-2 and was used to predict the impact of

both TCA1 I and TCAS II M operations on the Long Beach ATCRBS ground

in:errogator. A second deployment was generated, differing from the first in

that four FAA terminal interrogators were converted to Mode S sensors. This

deployment was used to predict the impact of TCAS II M on Mode S at LAX-4.

. .

aDue to terrain shielding and power limitations, 79 interrogators were _

eliminated.

2-1
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'Vii,' tour co:nv#!rtr1 interroqators were LAX-4, Burbank, Fl Toro, and Ontario.

p Their surveillance and data-link coverage zones (described later) are given in F
TABLE 2-1 and illustrated in Figure 2-3. (Transponder deployment is also

sihown in Figure 2-3, but is described in Section 3.)

INT-PRROGATOR OPERATION

Ge ne ra 1

Simulations were conducted to predict the effects of WIAS I and TCAS II M

* ')operations on ATCRBS as well as TCAS II M operation on Mode S A 1C systems.

The rLonrj Beach terminal system was modeled as the victim ATCRBS I.;LX- a

inodeled as the victim Mode S 1I * The location and characteristics of the Long

$'pach ATCRBS and the LAX-4 Mode S interrogators are given in TABLES 2-2 and 2-

3, respectively.

* TABLE 2-1

MODJE S INTERROGATOR SURVEILLANCE AND DATA LINK ZONE ASSIGNMENTS

(See Figure 2-3)

Surveillance Responsibility
Primary Secondary Data Link

:iite Zone Zone Responsibility

Burkbank A B A

Los Angeles B C B

El Tfro C D C

Ontario D A D

2-4



DOT/FAA/PM-84/30 Section 2

S 0.

4b...

2-5V

.on A. . . . . . . . . .. ..*
.. - - - - - - - - - - - - - --(213.- . . . . ' -A/C



D(Yr/FAA/PM-8/ 30Section 2

* TABLE 2-2

PPARAMETER ASSIGNMENTS FOR THE LONG BEACH ATCRBS INTERROGATOR

La t i t, if. 330491 09"N

LOW]( L. tIVne 118 0 08116"W
Powe-r 0.08 kW
Scan Rate 13 rpm

Interrogation Rate 415/s
Mode Interlace A, A, C
Receiver Sensitivity (MTL) -86 dBm
Rereiver Range 60 nmi
Interroqator Type ATCBI-0003D

:i( Sn~iiyTime Control) Imrvd 40 dB @B1 nmii

Anen anadBeamwidth 21 dBi for 40

SLS Type Imrvdsidelobe suppression (ISLS)

TABLE 2-3

PARAMETER ASSIGNMENTS FOR THE LAX-4 MODE S SENSOR

Latitude 330571 12"N
Long i tuide 1180241 00"W
Powe r 0.1 kw
Scan Rite 13 rpm
Interroqation Rate 1 28 /sa

Mode Interlace A, C
Re-ceiver Sensitivity (MTL) -88 dBm
Receiver Range 200 mi
Cablinq Loss 4 dB

STC2 (Sensitivity Time Control) N/A
Antenna Gain and Beainwidth 21 dBi for 40

SL~ Type Receiver SLS

"The reciprocal of the time interval between MODE S all-call

interroujations.

.0F

2-6
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The 61j riterrojat,)r popuil atiol can be partitioned into 6 classes based on

irit,.rrqp rr ,per;itioria[/techni-al characteristics. TAR[,E 2-4 lives thf ,- %'-

nomfla1l va~l~u' of the principal characteristics of each interroqator type,

,it nq with the number of systems of each type for the two interroqator

'1,'Floymenits de!veloped for this analysis.

TABLE 2-4

ENVIRONMENTAL INTERROGATOR CHARACTERISTICS

Classes -__ _

ATCRBS ATCRBS ATCRBS ATCRBS ATCRBS Mode
L,,rdmet. r Terminal 1 Terminal 2 Enroute 1 Enroute 2 Enroute 3 S

iowr ((jlw) 40 45 48 55 38 41

(PPM) 13 15 6 5 6 13

Irfl.- roqition Rate

(/s) 300 300 275 250 300 125

}<, : L w i( -ns itivity [.#',.

(A lim) -86 -81 -81 -88 -81 -86

( -I.ipe)60 60 20)0 200 200 200

: ,imbr A Systems
ir AT(-'kH; Analysis

19 11 21 7 3

'ivlher of Syst,-ms
in Mode .i Analysis

Y),'p nylent 15 1 1 21 7 3 4

2-7
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Lon Beach ATCRBS

The Long Beach ATCRBS facility, as modeled, was equipped with the ARTS

III Modular Automated ATC System. ARTS III performance was measured in terms

of the ability of the system to detect targets and validate in terms of Mode A

(identity) and Mode C (altitude) reply code validation and its ability to

develop stable target tracks, as measured by "firmness" indicators. Target

detection and mode validation are single-scan performance measures.
8

Detection requires the reception of 5 clear bracket reply pulse pairs (framing

pulses) from the approximately 21 interrogations that each aircraft rec. :_ves

during the 10 mainbeam dwell period. Mode validation requires the reception

of 2 consecutive clear replies to interrogations of the same mode (i.e., two

Moxle A interrogations or two Mode C interrogations).

Target tracking performance is a multiple-scan (long-term) performance
9

indicator. Each target is assigned a track firmness (an octal number ranging

from 0 to 37) that is related to the stability of the scan-to-scan Mode A

validations (TABLE 2-5). The higher the value of a track's firmness, the

higher the stability of the target's track history. The track's firmness is

adjusted each scan with the value of the adjustment dependent upon both the

existing track firmness and whether or not the Mode A validation was

successful. The sequential relationship of firmness values to existing values

for successful and unsuccessful correlation are given in TABLE 2-5.

Target track development can be illustrated using a simple example.

Suppose that an aircraft has entered the surveillance area of an ARTS III-

equipped ATC system and remains within that area for a period of 10 scans.

(This is a period of 50 seconds for a terminal site with an antenna rotation
rate of 12 rpm.) Assume that the scan-by-scan Mode A validation decisions

8ARTS III Beacon Message Processing, NAS-MD-606, Naval Air Station,

Washington, DC, January 1981.

9ARTS III Tracked and Untracked Target Processing, NAS-MD-607, Washington, DC,

January 1981.

2-8
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TABLE 2-5 P-W

TRACK FIR-NESS TABLE

Firmness Subsequent Firmness Subsequent
Previous to Successful to Unsuccessful
Firmness Correlation Correlation
(in octal) (in octal) (in octal) Track Firmness State

0 3 0 Tabular Coasta

1 5 0
2 6 1
3 7 2
4 15 0 Initial Tracka

5 16 4
6 17 5
7 20 6

10 13 10'
11 13 10 Turning Tracka
12 13 11

13 25 13 Turning Trial Tracka

14 16
15 17 14
16 20 15
17 21 16
20 22 17
21 23 20

22 24 21

23 25 22
24 26 23
25 27 24 Normal, Parent
26 30 25 and Parent Trial
27 31 26 Tracksa

30 32 27
31 33 30
32 34 31
33 35 32
34 36 33

35 37 34
36 37 35

37 37 36 ".

asee Reference 9 for explanation of these terms.

2-9
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woere deliveredl to tho ARTS III tracker as shown by columns 1 and 2 of TABLE

2-6. I;Jing TABLE 2-5 in conjunction with the correlation decisions, the

tairget track development during the 10-scan period is shown in the last two

columns ot TABLE 2-6.

TABLE 2-6 "

EXAMPLE OF THE ARTS III TARGET TRACK DEVELOPMENT -

N:

Target Identity
Correlation Decision Firmness

Scan (Mode A Validation) Scan N-i Scan N

1 Yes 0 3

2 Yes 3 7

3 Yes 7 20

4 Yes 20 22

5 No 22 21

6 Yes 21 23

7 Yes 23 25

8 Yes 25 27

9 No 27 26

10 Yes 26 30

For this hypothetical case, if the target remains within the ARTS III

system Rurveillance area for several more scans, and correlation fails for

each of these scans, then the application of the negative correlation

deciions shown in TABLE 2-5 would lead to a firmness value of zero after the

12th consecutive unsuccessful scan. A zero firmness value results in a

tdbular coast state, which implies complete uncertainty in target position.

LAX-4 Mode S

The LAX-4 Mode S system, in accordance with the Mode S system design, was

modeled to operate using both ATCRBS and Mode S surveillance techniques.

2-10
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ATCRBS performance is based on the ability of the processor to detect aircraft

and to declare high-confidence Mode A and Mode C reply codes. Detection

required two clear framing pulse pairs in response to interrogations of either

mode. Each aircraft receives approximately 7 interrogations during the

mainbeam dwell period. Declaration of high-confidence mode requires receipt

of a single composite clear reply constructed from the set of replies to that

particular mode. Mode S surveillance and data-link performance is based on

the ability of the system to elicit decodable roll-call replies from aircraft

located within its surveillance and data-link volumes with a minimum number of

interrogations. The surveillance and data-link interrogation rates are

variables depending upon aircraft location and type. These rates are

discussed next. (See Reference 6 for a more comprehensive discussion of

Mode S data-link and surveillance formats as well as Mode S protocol.)

Mode S Surveillance

Mode S signal activity consisted of a combination of surveillance and

Cockpit Display of Traffic Information (CDTI) services.1 0' 11 The service

provided to each aircraft from each Mode S sensor was dependent upon aircraft

type. Air-carrier and high-performance general-aviation aircraft (11% of the

total aircraft population) were defined as high-option targets and received

from their primary sensor high-option CDTI services (Extended Length Message

(ELM)) which consisted of a series of Comm-C data segments addressed to a

particular aircraft, containing information about other aircraft in the

immediate vicinity (within the threat volume) of the addressed aircraft. The

threat volume about each addressed aircraft was constructed as a cylinder

(hockey puck) with the horizontal boundary at 3 nmi and the vertical

1 0 Notice in the Federal Register, Vol. 43, No. 59, Monday, March 27, 1978,
Part II, entitled, "Proposed U.S. National Aviation Standard for the
Discrete Address Beacon System (DABS)".

11Keech, T., and Fleming, G., Impact of the Discrete Address Beacon System
(DABS) on Air Traffic Control Radar Beacon System (ATCRBS) Performance in
Selected Deployments, FAA/RD-80-93, FAA, Washington, DC, November 1979,
ADA 089611.

2-11
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.A.

boundaries at *2500 feet. There were assumed to be [((T/2)+2.5) 'ru'J Comm-C

segments transmitted per scan to each high-option target, where T was the

number of targets within the threat volume (ru denotes "rounding upward" to
the next larger integer). All but two of the Comm-C segments were contained

within a precursor, and did not elicit replies, a The remaining two Comm-C

segments, which serve to finalize the ELM transaction, each elicited an ELM

Comm-D reply.

Fourteen percent of the aircraft population (Mode S-equipped) received

mid-option CDTI or standard data link services that consisted of

((T/2) ru + P) Comm-Ab interrogations per scan, where P is a random variable

of Poisson distribution with a mean of 1.0. Each Comm-A transmission

contained data for two targets. All but one of the Comm-A interrogations

elicited surveillance (altitude or identity) replies. The remaining Comm-A

interrogation elicited a mid-option CDTI finalizing Comm-B reply. If both T

and P for a particular aircraft were zero, the aircraft received one

nurveillance interrogation per scan from its primary sensor.

F-7

ao

aComm-C segments that do not elicit replies are transmitted at the beginning

* of the Mode S interrogation schedule and thus are referred to as the
precursor (see Reference 6).

b Comm-A segments are used for ground-to-air transmission of short ATC
messages.

2-12
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SECTION 3

TRANSPONDER OPERATION AND CHARACTERISTICS

AIRCRAFr DEPLOYMENTS

For this analysis, simulations were conducted using the standard,

hypothesized, peak Los Angeles basin air traffic deployment and two subsets of

that deployment. The peak deployment consists of 743 transponder-equipped

aircraft that are all within 60 nmi of Los Angeles (689 general aviation, 30

air-carrier, and 24 military). Each aircraft deployment was constructed while
amaintaining a nominal mix of 25% Mode S (11% TCAS II M) and 75% ATCRBS

transponder-equipped aircraft. For the peak deployment, deployment A, 53 of

the general-aviation aircraft are designated high-performance (multiple-

engine) aircraft. The 188 Mode S transponder-equipped aircraft in deployment

A include the 30 air-carrier, the 53 high-performance general aviation, and

105 of the remaining general aviation aircraft. The 30 air-carrier and the 53

high-performance general aviation aircraft were assumed to be equipped with

7TYAS If M interrogators. The remainder of the air traffic population (555

aircraft) was modeled as equipped with ATCRBS transponders (TABLE 3-1).

The two reduced deployments, deployments B and C (TABLE 3-1), were

developed by randomly deleting aircraft from deployment A to produce air

traffic populations of 474 and 328 aircraft. These two deployments correspond

to maximum aircraft densities of 0.3 and 0.2 aircraft per square nmi within 5

nmi of any TWAS II M-equipped aircraft; the maximum 5-nmi density in the peak
b

deployment (deployment A) is 0.534 aircraft per square nmi. Deployment B was

developed to predict the effects of TCAS II M while operating in an air

traffic environment for which it was designed. TCAS II M was designed to be

a 25% Mode S (11% WCAS II M) means that 25% of the aircraft deployment are Mode ..

S-equipped and 11% of the aircraft deployment are-TCAS II M-equipped. All
TCAS [I M-equipped aircraft are also Mode S-equipped.

hThe maximum aircraft densities correspond to maximum numbers of aircraft

within the 5 nmi radius of: 42 aircraft for deployment A, 24 aircraft for
deployment B, and 16 aircraft for deployment C.

3-1
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AIRCRAFT DEPLOYMENTS USED IN THE ANALYSIS

%:

Deployment ,..

Parameter A B C Bi B2 B3

Total Number of Aircraft
(within 60 nmi of LAX) 743 474 328 474 474 474
(within 60 nmi of Long
Beach) 716 460 319 460 460 460

Approximate Density 0.159 0.100 0.070 0.100 0.100 0.100

(within 30 nmi of LAX)

Number of Mode S-Equipped 188 112 72 112 112 289
(TCAS II M-Equipped) (83) (49) (34) (65) (83) (49)

(TCAS I-Equipped) (240) A.'

Number ATCRBS-Equipped 555 362 256 362 362 185

Maximum Aircraft

Density Within 5 nmi 0.534 0.305 0.203 0.305 0 .38 2a 0.305

of Any TCAS II M- . -

Equipped Aircraft

Maximum Aircraft
Density Within 10 nmi 0.394 0.248 0.159 0.248 0.248 0.248 I'

of Any TCAS II M-
Equipped Aircraft

Maximum Aircraft .-

Density Within 30 nmi 0.164 0.104 0.070 0.104 0.104 0.104

of Any TCAS II M-
Equipped Aircraft

aThis density is due to the increasing numbers of TCAS II (83) contained in

deployment B2 compared to the number of TCAS II (49) contained in deployment
B.

......................... ....



i)OT/FAA/PM-R4/30 Section 3

capable of successfully performing the collision-avoidance function in air

traffic deployments where the maximum density of aircraft within 5 nmi of the

TCAS II M-equipped aircraft does not exceed 0.3 A/C per square nmi. The 5-nmi

maximum density deployment (deployment C) of 0.2 corresponds to the density

observed in the LA Basin in 1983.12 It should be emphasized that the density

correspondence is the only known similarity of deployment C to 1983

observations.

As requested by the FAA, three additional deployment configurations

(deployments B1, B2, and B3) were developed from deployment B by varying the

percentage of transponders that are ATCRBS-, Mode S-, and WAS equipped.

Deployments 81 and B2 (TABLE 3-1) were developed by increasing the fraction of

Mode S-equipped aircraft that are WAS II M-equipped: for deployment B1, 58%

of the Mode S population was WAS II M-equipped; for deployment B2, 74% of the

Mode S population was WAS II M-equipped. Deployment B3 (TABLE 3-1) was

constructed by modeling 61% of the air traffic population as Mode S-equipped

with the remaining 39% modeled as ATCRBS-equipped. In this B3 deployment, 17%

of the Mode S-equipped transponders were modeled as TCAS II M-equipped, and

the remaining 83% were modeled as WAS I-equipped .a

Range and altitude distribution for each deployment are given in TABLES

A-i and A-2 of APPENDIX A. Figure 2-3 shows the peak deployment (deployment

A) as ic-on by the LAX-4 Mode S sensor. Figures A-i through A-6 show each

aircraft deployment along with the corresponding Mode S-equipped and WAS I-

and WAS TI M-equipped aircraft locations.

aCurrently, there are three proposed WAS I emission powers: 20, 120, and
500 watts. :

12 Traffic Alert and Collision Avoidance System (TCAS) Quarterly Technical
Letter, WAS 42 QTL-83-01, Lincoln Laboratory, MA, 25 April 1983.

3-3
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% TRANSPONDER CHARACTERISTICS

Farh transponder-equipped aircraft is represented by an antenna (omni-

dirertional in azimuth), antenna cable, receiver/processor, and a transmitter.V

The (quantized) vertical antenna gain patterns, as modeled, are illustrated in

Figure 3-i. These patterns were derived from measured data for the Boeing 727

antenna/airframe configuration. aFor this analysis, it was assumed that

k* ATCRBS transponder-equipped aircraft were fitted with a single, bottom-mounted

antenna, while Mode S transponder-equipped aircraft were fitted with both top-

and bottom-mounted antennas. ATCRBS and Mode S transponders are assumed to

* utilize the sane bottom antenna pattern. Polarization losses were neglected.

.20

0 10 &0 40 40 'Co '10 '40 60 '0

30,?O FG&tF 2R!

-3-4

. . . . . . . . .. . . . . .. . . . . .....
. .0 '6 so 43 o . 16 0



I0()''/FAA/PM-84/ 30 Section 3

The cable loss from the antenna terminals to the receiver/transmitter

terminal:i was assumed to be 3 dB for the entire transponder population.

The receiver sensitivity and transmitter power output of each type of

transponder were assigned statistically, using Monte Carlo techniques, based on

measured data 13 for the ATCRBS transponders and equipment specifications for the

Mode S and WCAS transponders. As an example, the population distributions of

ATCRmS receiver sensitivity and transmitter power distribution for the peak

deployment (deployment A) are illustrated in Figures 3-2 and 3-3,

respectively. The average value of receiver sensitivity is -74 dBm; the average

val,,#e of transmitter power is 27 dBw.

Mode S trdnsponder-equipped aircraft receiver/transmitter characteristics

were assigned using the normal probability distribution function (see Reference
1410). The receiver sensitivity distribution for Mode S transponder-equipped

air(ratt thdt were not TCAS II M-equipped was developed using a mean value of

-71 dBm with a standard deviation of 1.5 dB. The sensitivity distribution for

riode S transponder-equipped aircraft that were TCAS II M-equipped was

,o' structed using a mean value of -77 dBm with a standard deviation of 0.5 dB.

Reply power levels for the two populations of Mode S transponders were assiqned

in aI siintlar way: an average reply power of 27 dBw for both populations with 1)

-itandard deviation of 1.5 dB for Mode S aircraft that are not TCAS II M-

equippe,d, and 2) a standard deviation of 0.5 dB for Mode S aircraft that are

T'2A. II M-equipped. --

Transponders are subjected to a variety of signal formats from ATCRBS L.
interrogators, Mode S interrogators, and TCAS interrogators. The reaction of a

transponder receiver/processor and transmitter to each type of signal is, in

,1n-tral, different for Mode S and ATCRBS transponders. TABLE 3-2 lists the

L
13olby, G. V., and Crocker, E. A., Final Report Transponder Test Program,

FAA-RU-72-30, FAA, Washington, DC, April 1972, AD 740786.

14"I.i. National standard for IFF Mark X (SIF)/Air Traffic Control Radar

Beac'n System Characteristics," Agency Order 1010.51, FAA, Washington, DC,

Marrch 1371.
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TABLE 3-2

TRANSPONDER INTERROGATION PROCESSING AND DEAD TIMES

Receiver Transmitter

Transmission Type Transponder Type Dead Time (Us) Action

ATCRBS Interrogation ATCRBS 60 Reply
ATCRBS-Only Interrogationa ATCRBS 60 Reply

ATCRBS-Suppression ATCRBS 35 Suppression
Mode S Interrogation ATCRBS 35 Suppression
(All-Call and Roll-Call)
ATCRBS Interrogation Mode S 60 Reply
ATCRBS-Only Interrogation Mode S 24 Suppression
ATCRBS Suppression Mode S 35 Suppression
Mode S Interrogation Mode S 192 (short Reply
(at transponder address) reply)

248 (long
reply)

Mode S Interrogation Mode S 20 (short Suppression
(not at transponder address) interrogation)

32 (long Suppression
interrogation)

Mode S All-Call Interrogation Mode S 128 Reply

aATCRBS-only interrogations are transmitted by Mode S sensors and TCAS II M

interrogators.

different types of signals that may be received at transponders, and the

attendant receiver/processor and transmitter action (see References 10

and 14).
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SECTION 4 W
TCAS OPERATIONS AND CHARACTERISTICS

I NTRODUCT ION

This section contains a brief description of TCAS II M and WAS I

surveillance operations, as modeled in the TCAS Signal Environment Model

(SEM), as well as a discussion of the TCAS interference-limiting constraints

which are included in the TCAS II M design to ensure TCAS/ATC system
15,16 ."+ ,

compatibility (see Reference 5). A detailed description of TCAS II M

surveillance protocol is included in the TCAS SE1 software documentation (see

Reference 7).

TCAS 11 M

TeAS II M is an airborne system that is designed to use existing ATCRBS

and Mode S signal formats to perform the collision-avoidance function.

TCAS II M tracks ATCRBS-equipped aircraft in its vicinity via the whisper-

shout power management technique (described later) and listens for Mode S

replies (squitters) to determine if establishment of a track is required for

Mode 5 aircraft. This tracking of both ATCRBS- and Mode S-equipped aircraft

is performed once pe." second and is designated a search cycle. TABLE 4-1

,lves TCAS II M interrogator characteristics.

The TCAS II M-equipped aircraft carries a Mode S air traffic control

transponder. The Mode S transponder performs the functions of existing ATCRBS

(Mo(les A & C) transponders and provides Mode S air-to-air communications for

coordinating the resolution of encounters between TCAS II M-equipped

aircraft. The Mode S transponder is also used for communications with the

15Orlando, V.A., et al, Traffic Alert and Collision Avoidance System (TCAS I)
Design Guidelines, FAA-RD-82-12, FAA, Washington, DC, April 1982, ADA
121300. J -

16 Mann, Patricia, Simulation of Surveillance Processing Algorithms Proposed

for the DABS Mode of BCAS, FAA-RD-77-138, FAA, Washington, DC, February 1978.
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TABLE 4-1

TCAS II M CHARACTERISTICS

Powera Pt (at transmitter) N

Receiver Sensitivity (MTL)
(1 090-MHz channel)b R

Cable Loss 3 dB

Peak Antenna Gain (omnidirectional in azimuth)c 3 dBi

Peak Antenna Gain (directional in azimuth)d 7 dBi

ap = (A X 0.79 N) kW, where A is the transmitter power depending on I
t

statistical assignment and N is the number of 1 dB power reductions
required to satisfy the interference-limiting inequalities.

bp = (A + N) dBm, where A is the sensitivity depending on statistical

assignment and N is the number of 1 dB sensitivity reductions required
to satisfy the interference-limiting inequalities.

cMode S transmissions.

dATCRFS transmissions.

qround-based Mode S sensor for surveillance and air-to-ground data link

purposes.

The Mode S transponder receives discretely addressed TCAS II M

interrogations on 1030 MHz and replies (squitters) to these interrogations on

1090 MHz. The timing and altitude information from TCAS II M interrogations

is used to establish the collision-threat potential of an intruder Mode S

aircraft. This results in Mode S aircraft being interrogated less often when

they are beyond a distance based on the protection volume.

As stated above, the TCAS II M unit performs the search cycle once per

second. The first part of the cycle is used for ATCRBS tracking. The second,

much larger part of the cycle, is used for Mode S tracking. When a Mode S-

equipped aircraft transmission (squitter) is received and identified by the

TCAS II M unit as a potential threat (i.e., within the potential collision

altitude window), TCAS II M will discretely interrogate the aircraft to obtain

range and altitude in order to determine the closure rate for that aircraft.

If a collision is projected, a resolution advisory is sent to the indicator in

4-2
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tho crckpit of the aircraft. Mode S surveillance protocol requires that a

TCA.S if M-equipped aircraft elicit a decodable Mode S reply once per second .

from all other Mode S aircraft within approximately 7 nmi, and at a rate which

decreases monotonically with range for aircraft beyond 7 nmi.

The current TCAS II M design employs a four-beam directional antenna on

top of the aircraft and a bottom-mounted omnidirectional antenna for ATCRBS

surveillance. Each TCAS II M tracks ATCRBS aircraft via a whisper-shout power

management technique.

'Phis technique uses directional interrogations from each of the four

beams of the top antenna, and starts with a lower power interrogation level

and proceeds to higher power interrogation level in 1 dB increments. A total

of 83 whisper-shout interrogations are transmitted each second. In the final

step, the full power of the WAS II M transmitter is used for the

interrogation in the forward direction. The time between each interrogation

is I ms. All the interrogations for each beam position, except the first, are

preceded hy a lower level suppression pulse pair 2 or 3 us prior to the next

* interr,.gation message. This suppression is used to prevent the more sensitive

transponders from replying again. This technique partitions the ATCRBS

" nvironment with respect to transponder sensitivity, to reduce the number of

,verlapping replies received from each interrogation. The whisper-shout is

-equenced through the four beams of the CAS II M top antenna and the bottom

omnidirectional antenna once each second, using the number of levels as

indicated in TABLE 4-2. The function of the transmission from the bottom

antenna is to minimize false targets that are generated by multipath

conditions.

* TCAS I

As modeled herein, TCAS I is a simple ATCRBS Mode C interrogator which

. trAnsmits at a rate of one interrogation per second and has an associated

4-3
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TABEL 4-2

WHISPER-SHOUT SEQUENCE

Number of
Antenna Beam Whisper-Shout Levels

Top Forward 24
Top Right 20
Top Left 20
Top Rear 15

Bottom Omni 4

Mode S transponder (see Reference 15). As modeled, it is a constant source of

interrogations at a fixed power and rate and employs no interference

limiting. TABLE 4-3 gives TCAS I operational characteristics.-S

TABLE 4-3

TCAS I CHARACTERISTICS

Powera Pt (at transmitter)

Receiver Sensitivity (MTL) R
(1030 MHz Channel)b 5

Cable Loss 3 dB

Peak Antenna Gain 3.0 dBi

aThe three proposed TCAS I emission powers of 20, 120, and 500 watts at once

per second.

bSensitivity depends on statistical assignment.

TCAS/ATC COMPATIBILITY DESIGN

Each TCAS II M unit periodically computes interference estimates that are

used to ensure that TCAS II M-related emissions will not cause excessive

interference to ground-based ATC and surveillance systems (see Reference 2).

4-4
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Interference-limiting is implemented by adjusting a TCAS II M unit's output

power and minimum triggering level (MTL) and by eliminating selected ATCRRS

interrogation steps from the "Whisper-Shout" sequence to satisfy three

inequalities:

PWi 28014I

250 watts I + NTA

iI

M(i) 4 0.01 second (4-2) -

i=1

K S PA W 4 80(4 3
250 watts 1 + NTAk=1 I;

The variables in these inequalities are defined as follows:

I = the total number of Mode S interrogations transmitted in a

1-second period. __

i = the index number of the current Mode S interrogation;

P(i) = the total radiated Mode S power (in watts) from the antenna for

i-th interrogation.

NTA = the number of squitter detected TCAS II M interrogators.

M(i) = mutual suppression interval for the TCAS II M transponder

associated with the i-th interrogation.

K = the total number of ATCRBS interrogations in a 1-second period.

k = the index number of ATCRBS interrogation; k = 1,2,...,K.

4-5
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PA(k) the total radiated power (in watts) from the antenna for the

k-th ATCRBS interrogation.

Inequality 4-1 assures that the reply efficiency of local "victim" ATCRBS

transponders is not reduced by more than 1% due to incident TCAS II M

emissions; inequality 4-2 assures that the reply efficiency of the transponder

aboard the TCAS II M aircraft is not reduced by more than 1% due to mutual

*- suppression by TCAS II M interrogations; inequality 4-3 assures that a local * -

"victim" ATCRBS transponder will not transmit more than 80 ATCRBS replies per

second due to TCAS II M interrogations. These inequalities and the associated

* physical mechanisms are discussed in more detail in Reference 5.

4-6
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SECTION 5

SIMULATION RESULTS

INTRODUCTION

ATCRBS system performance at Long Beach is presented in terms of the

predicted ARTS III target detection and code procesing performance and

predicted tracking performance. Mode S ATC performance at LAX-4 is presented

in terms of the predicted Mode S roll-call transaction efficiency and the

predicted ATCRBS target detection and code processing performance. other

performance prediction parameters such as transponder reply efficiency,

interrogation rates, suppression rates, and fruit rates, are also given since

they are indicative of overall system performance trends.

LOJN( BEACH ATCRBS

Thre Long Beach ATCRBS results are based on a 10-scan simulation of the

A1TCRBS interrogator. Simulation resultsa for transponder deployments (A, B,

B3, and C), both with and without TCAS activity, are presented in terms of

both uplink (1030 MHz) and downlink (1090 MHz) system performance. Also

included are the effects of TCAS operations on the ability of the ARTS III

processor to detect and code validate target replies and to track aircraft.

The location, Mode S interrogation rate, and transmission power for each TCAS

II M unit for each simulation are listed in APPENDIX C.

Transponder Performance

The average transponder reply efficiency is defined as the ratio of the

total number of transponder replies to the total number of Long Beach

interrogations received (above MTL) at transponders within 60 nmi of Long

Beach. Each transponder-equipped aircraft received approximately 21 ATCRBS

aReSults for W2AS I at emission powers of 20, 120, and 500 watts are also

included.

5-1
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interrogations from the Long Beach interrogator during each of the 10 mainbeam

,iwell ['riods. The average ATCRES interrogation rate, the average ATCRBS SLS r
rat-, and the average Mode S suppression rate are defined as the average

number of each of these types of signals received (above MTL) per second at

all aircraft within 60 nmi of the Long Beach interrogator. ,

The average and standard deviation of the transponder reply efficiency

for each of the simulations along with interrogation and suppression rate

statistics are given with and without WAS II M operating (see TABLE 5-1) and

with and without the combined WAS I and TCAS II M operating (see

TABLE 5-2). It can be seen from TABLE 5-1 that with TCAS II M operating, the

average transponder reply efficiency was reduced by a maximum of 1.9%a for

each of the three air traffic deployments. With WAS I and WCAS II M

operating, as shown in TABLE 5-2, the average transponder reply efficiency was

reduced by a maximum of 2.5% in the environment with WCAS I operating at 500

watts.

In addition, other transponder performance measures for the transponders

operatinq at Long Beach are contained in APPENDIX B.

Interrogator Performance

The effects of WAS II M and combined TCAS I and TCAS II M on the ATCRBS

interrogator performance at Long Beach are summarized in TABLES 5-3 and 5-4,

respectively.

Fruit Rates. The two types of fruit arriving at the Long Beach

interrogator receiver are defined as follows:

- ATCRBS fruit. ATCRBS replies elicited by ATCRBS and TCAS I and -F

TCAS II M interrogators other than the Long Beach interrogator.

pa

aNote that these percentaqe differences are defined as the change in reply

*. efficiency when TCAS is introduced into the environment divided by the reply
efficiency when WAS is not in the environment.

5-2
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- Roll-Call fruit. Mode S replies elicited by TCAS II M roll-call

interrogations.

ARTS III TRACKING PERFORMANCE

Simulation results for the ARTS III tracker (described in Section 2) for

TCAS II M and combined TCAS I and TCAS II M are presented in TABLES 5-5 and

5-6, respectively. Since the ARTS III performance is a multiple-scan (long-

term) performance indicator, the results presented in TABLES 5-5 and 5-6 are

only for the 10th scan simulation. The 10th scan of simulation will determine

the maximum target track firmness value that each aircraft can obtain for the

analysis.

In general, it can be seen from TABLE 5-5 that the performance of the

ARTS III tracker is not significantly reduced with TCAS II M operating over

the case when TCAS II M is not operating. For example, in the peak deployment

(deployment A) without TCAS II M operating, the number of aircraft that is

tricked is 524. a With TCAS II M operating the number tracked is 523.

Similar results can be seen with both TCAS I and TCAS II M operating

(TABLE 5-6). For example, the addition of TCAS II M and 500-watt TCAS I

reduces the number of tracked aircraft from 382 to 380, a relatively benign

reduction.

Untracked targets will fluctuate in and out of track over time, as

aircraft move with respect to each other and synchronous garble is relieved.

APPENDIX E contains the tracks for all 10 scans for all simulations.

The results in terms of the percentage of aircraft tracked via the ARTS

III processor are summarized in TABLES 5-7 and 5-8. They indicate no signifi-

cant reduction in percent of aircraft tracked with the addition of TCAS.

a The number of aircraft considered tracked are those not given a track

firmness value of zero.

5-7
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TABLE 5-7

SUMMARY OF EFFECTS OF TCAS II M ON THE ARTS III TRACKER
PERFORMANCE AT LONG BEACH (AT 10TH SCAN)

_ _ _ _ _ Deployment _ _

%Tracked A B C

Without TCAS II M 73.3 79.5 79.0

With TCAS II M 73.1 79.7 79.0

TABLE 5-8

SUMMARY OF EFFECTS OF TCAS II M AND TCAS I ON THE ARTS III TRACKER
PERFORM4ANCE AT LONG BEACH (AT 10TH SCAN) FOR DEPLOYMENT B3

_____________TCAS IOperation ______

%Tracked Without 20 Watts 1 20 Watts 500 Watts

Without TCAS II M 83.2 83.2 83.2 83.2

With TCAS II M 83.4 83.2 83.2 82.7

5-10
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1,/)5 AN(;FI1ES MQDF S

F:

The Los Angeles Mode S results are based on a 1-scan simulation of the

LAX-4 sensor. Simulation results for two transponder deployments (A and B),

both with and without TCAS II M operating, are presented in terms of both

uplink (1030 MHz) and downlink (1090 MHz) system performance. The location,

interrogation rate, and transmission power of each TCAS II M unit for each

simulation are listed in APPENDIX C.

Transponder Performance

The average transponder reply efficiency is defined as the ratio of the

total number of LAX-4 elicited replies to the total number of LAX-4

interrogations per transponder. Each transponder-equipped aircraft received

approximately 7 ATCRBS-only interrogations per scan from the LAX-4 Mode S -

interrogator. The average ATCRBS interrogation rate, the average ATCRBS SLS

rate, and the average Mode S suppression rate are defined as the average

numher of each of these types of signals received (above MTL) per second at

each aircraft within 60 nmi of Los Angeles. Other transponder performance "..-"

measures for transponders operating at Los Angeles are contained in

APPENDIX B.

TABLE 5-9 gives the performances of ATCRBS-equipped transponders within

60 nmi of the Los Angeles sensor, both with and without TAS II M operating.

It can be seen that with TAS II M deployed the reduction in average

transponder reply efficiency was a maximum of 1.5% for each of the air traffic

deployments (deployment A and B).

5-1 1
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4: TABLE 5-9

SUMMARY OF EFFECTS OF TCAS II M ON ATCRBS TRANSPONDERS RESPONDING
•D. ATCRBS INTERROGATIONS FROM LOS ANGELES MODE S SENSOR (UPLINK)

Deployment A B

TCAS II M Operation Without With (% Diff.) Without With (% Diff.)

Averdge ATCRBS Interrogations 396 437 (+10.4) 416 438 (+5.2)

P-r Second

* (Standard Deviation) (441) (448) (450) (452)

Average ATCRBS Sidelobe 473 560 (+18.4) 444 495 (+11.5)

Suppressions Per Second

(Standard Deviation) (491) (514) (468) (481)

Average Mode S Suppressions -- 271 -- 155

. Per Second Due to

- TCAS i M

(Standard Deviation) (249) (116)

Av'.rae ATCRBS Reply .965 .951 (-1.5) .968 .960 (-.83)

EFftivniency

('3tandarA Deviation) (.080) (.092) (.069) (.075)

r.I.

i.*
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TABLE 5-10

SUMM4ARY OF EFFE~CTS OF TCAS 11 M ON MOnF 9 SRVSOR
PERFORMANCE AT LOS ANGELES (nOWNLINK)

D~eplo yment A

TCAS IT M Operation Without With (%Diff.) Without With (%Diff.

ATCRBS Fruit Per Second 3155 3489 (+10.6) 2106 2221 (+5.S)

Mode .1 All-Call 2 2 (0) 1 1 (0)

Fruit Tr Second

Mode S~ Roll-Call 2 10 1 7

F'ruit Pi-r Second

Tarqjet Detection Efficiencya .939 .939 (0) .936 .936 (0)

1iqh-Confidpnce Mode A .721 .721 (0) .826 .826 (0)

f)tection Ffficiencv

Hilh-Confidencs- Mode C .742 .742 (0) .831 .R31 (0)

Detention Pfficiency

Poll-Call Interroqations 245 247 (+.S) 144 145 (+.7)

Per Scan From Mode S Sensor

'Un 'leployment A, 6.1% of the aircraft could not he detected due to insufficient
interropation power from the LAX-4 Mode S sensor.
rn deployment R, 6.4% of the aircraft could not be detected due to insufficient
interroqation power from the LAX-4 Mode S sensor.

5-13
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-ATCRBS Mode of Mode S Tdr'Jet Detection and Code Confidence

The same numb(-r of ATCRBS transponder -eq.uipped aircraift were tietected. aiud

processeud with hitjh Node A and Mode C code confidence for all simula~tions both with

and without TCAS II M operating.

* Mode S Surveillance and Data-Link Performance

The same number of Mode S transponder-equipped aircraft were detected for all

* sinulations, with and without WCAS II M operating.

5-14.
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SECTION 6

SUMMARY OF RESULTS0

* Alf.RBS PERFORMANCE AT LONG REACH

It was predicted that the operation of TCAS II M in any of the air

* traffic deployments analyzed will have the effects described below.

On the transponders:

1. Will reduce average reply efficiency by a maximun of 1.9%.

On the interrogator:

1. Will not reduce target detection efficiency

2. Will reduce the Mode A validation efficiency by a maximum of 0.3%

3. Will reduce the Mode C validation efficiency by a maximum of 0.7%

4. Will not significantly reduce the ability to track aircraft.

For the Long Beach ATCRBS simulations, it was predicted that the

*operation of both TCAS I and TCAS 11 M, using any of the three TCAS I emission

powers' (20, 120, and 500 watts) analyzed, will have the following effects:

On the transponders:

1. Will reduce average reply efficiency by a maximum of 2.5%.

On the interrogator:

1. Will not reduce target detection efficiency

2. Will reduce the Mode A validation efficiency by a maximum of 1.3%

* 3. Will reduce the Mode C validation efficiency by a maximum of 2.4%

1P 4. Will not significantly reduce the ability to track aircraft.

6-1
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- MODE S PERFORMANCE AT LOS ANGELES

For the simulations of the hypothetical Mode S sensor at Los Angeles, it

was predicted that the operation of TCAS II M in any of the air traffic

deployments analyzed will have the effects described below. 
6-J

On the transponders:

1. Will reduce average reply efficiency by a maximum of 1.5%.

On the interrogator:

1. Will not reduce the target detection efficiency

2. will not reduce the high-confidence Mode A validation efficiency

3. Will not reduce high-confidence Mode C validation efficiency

4. Will increase the roll-call interrogation rate by a maximum of 0.8%.

. . ,6-2
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APPENDIX A

AIRCRAFT DEPLOYMENTS

TABLES A-i and A-2 give the aircraft altitude and range distributions

about the Los Angeles Mode S sensor and about the Long Beach ATCRBS

interrogator for the three aircraft populations used in this study. Figures

A-i through A-6 show the aircraft distribution as viewed from LAX-4 for each

of the air traffic environments.

A-

A--i
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TABLE A-i1 4

AIRCRAFT DISTRIBUTION ABOUT LOS ANGELES
(See Figures A-I, A-2, A-3)

Altitude Range

Number of Aircraft Number of Aircraft
Increments Deployments Increments Deployments

(1OO-Foot) A B C (nmi) A B C

0-1 69 41 26 0-5 35 23 15
1-2 139 91 67 5-10 45 29 21
2-3 129 89 63 10-15 93 56 39
3-4 11i 76 50 15-20 89 58 43 *"

4-5 89 61 42 20-25 104 63 38 '
5-6 51 23 14 25-30 86 56 42
6-7 41 24 18 30-35 81 51 35
7-8 31 22 13 35-40 57 35 27
8-9 39 23 17 40-45 66 50 32
9-10 15 9 5 45-50 47 30 21

10-11 8 5 5 50-55 24 16 11
11-12 1 1 0 55-60 14 5 3
12-13 1 1 1 60-65 2 2 1
13-14 1 0 0
14-15 0 0 0
15-16 0 0 0
16-17 2 1 1
17-18 1 0 0
18-19 1 1 1

19-20 1 0 0

20-21 1 1 1
21-22 2 1 1
22-23 0 0 0
23-24 4 1 0

24-25 4 2 2
25-26 0 0 0
26-27 1 0 0
27-28 0 0 0
23-29 1 1 1
29-30 0 0 0

A-2
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TAHLE A-2 .. e
AIRCRAFT DISTRIBUTION ABOUT LONG REACH 

-

Altitude Range

Number of Aircraft Number of Aircraft

Increments Deployments Increments Deployments

(1000-Foot) A B C (nmi) A B C

0-1 69 41 26 0-5 32 16 13
1-2 139 91 67 5-10 87 55 36
2-3 129 89 63 10-15 83 54 37
3-4 111 76 50 15-20 109 72 50
4-5 89 61 42 20-25 62 35 22
5-6 51 23 14 25-30 69 52 35
6-7 41 24 18 30-35 67 44 29
7-8 31 22 13 35-40 72 45 34
8-9 39 23 17 40-45 46 28 20
9-10 15 9 5 45-50 32 17 16

10-11 8 5 5 50-55 28 20 11
11-12 1 1 0 55-60 29 22 16
12-13 1 1 1 60-65 14 7 9
13-14 1 0 0 65-70 9 6 9
14-15 0 0 0 70-75 4 1 0
15-16 0 0 0
16-17 2 1 1
17-18 1 0 0
18-19 1 1 1
19-20 1 0 0
20-21 1 1 1
21-22 2 1 1
22-23 0 0 0
23-24 4 1 0

24-25 4 2 2
25-26 0 0 0
26-27 1 0 0
27-28 0 0 0

28-29 1 1 1
29-30 0 0 0

-A.

• A- 3
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45

is..

4 
45.

3

TCAS ~ ~ Al A/MC/ oe /

(Total =743 A/C)

Figure A-i1. Distribution of aircraft about Los Angeles -TABLE~ 3-1
Deployment A (.159 A/C per sq nmi to 30 nni).
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60-1.

TWAS II M A/C Mode S A/C

(11% of Total) (25% of Total) -

apt

e All A/C
(Total = 474 A/C)

* Figure A-2. Distribution of aircraft about Los Anqeles -TABLE 3-1

Deployment B (.100 A/C per sq nmi to 30 nmi).
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75 4

TCAS II M A/C Mode S A/C
(11% of Total) (25% of Total)

All A/C

(Total =328 A/C)

Figure A-3. Distribution of aircraft about Los Anqeles -TABLE 3-1p
Deployment C (.070 A/C per sq nmi to 30 nmi).
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45. 45.

WCAS 11 M A/C Mode S A/C
(14% of Total) (25% of Total)

All A/C

(Total = 474 A/C)

Figure A-4. Distrihution of aircraft about Los Anqeles -TABLE 3-1
De-ployment BI (.100 A/C per s(q nmi to 30 nmi).
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30..

WCAS II M A/C Mode S/TCAS I A/C

(11% of Total) (50% of Total)

All A/C
(Total = 474 A/C)

-'qceA-6. Distribution of aircraft about Los AnqTeles -TARLIP 3-1

Deployment B3 (.100 A/C per sq nmi to 30 nmi).
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APPENDIX B

SIMULATION RESULTS

Figures B-i through B-6 graphically present the reply performance of

transponders corresponding to deployment B.a Included is the position of the

aircraft with the lowest probability of reply for each simulation.b Note that

the Long Beach ATCRBS interrogator transmits an average of 2i.28 interrogations

to each aircraft during the mainbeam dwell; some aircraft received

21 interrogations and some received 22. Similarly, the Los Angeles Mode S

sensor transmits an average of 6.56 ATCRBS-only interrogations to each

aircraft during the mainbeam dwell; some aircraft received 6 interrogations

and some received 7. Note that these results give the cumulative distribution

for the number of missed replies per scan averaged over ten scans.

Figures B-7 through B-18 give the cumulative distributions of both the

ATCRBS interrogation and suppression rate for transponders in deployment B.

It should be noted that an Automatic Overload Control (AOC) algorithm is

not included in the DABS/ATCRBS/AIMS PPM. As a result, interrogation rates

given in the appendix are higher than if the AOC algorithm was implemented.

Specifically, the AOC will adjust sensitivity such that a transponder will not

reply to more than 1200 interrogations per second. It can been seen from the

results presented in this appendix that interrogation rates do exceed 1200 per

second for all simulations. - -

aDeployment B was developed to predict the effects of WAS in an air traffic

environment for which it was designed.

bAircraft positions are given in radians; multiply by 57.296 to find the

position in degrees.
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APPENDIX C

TCAS SEM RESULTS

The following TABLES C-i through C-9 give TCAS SEM results for each of

the simulations conducted in this analysis. Given are: (1) TCA- II M

aircraft position (in radians), (2) the density of aircraft per square nmi 

within 5, 10 and 30 nmi about the TCAS I. M-equipped aircraft, (3) the number

of Whisper-Shout interrogations transmitted by TCAS II M, (4) the rate at

which a TCAS II M-equipped aircraft transmits discretely addressed

interrogations, (5) the Mode S transmission power (of the transmitter) of the

TC/S Ii M-equipped aircraft, and (6) the Mode S power reductions (in dB) due

to TCAS If M interference-limiting.a

The information in the tables is presented for the configurations shown

in the following matrix:

TABLE DEPLOYMENT #AIRCRAFT #ATCRBS #MODE S #TCAS I #TCAS II

Cl A 743 555 188 0 83

r2 B 474 362 112 0 49

C3 C 328 256 72 0 34

C4 B 474 362 11- 0 65

C5 B2  474 362 112 0 83

C6 B3  474 185 289 240 b  49

C7 B3  474 185 289 24 0b 49

C8 474 185 289 24049

C9 B3  474 185 289 2 4 0 b 49

3I

aResults contained in (3) through (6) above are given at TIME=120 seconds.

This time was determined to be sufficient for the TCAS II M to reach steady

state.

hFor deployment B3 in TABLES C-6, C-7, C-8, and C-9, the TCAS I power output

was 0, 20, 120, and 500 watts respectively.
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APPENDIX D

UPDATED INTERROGATOR ANALYS IS

INTRODUCTION

During FY-84, the FAA requested that ECAC compare the environment of

ATCRBS interrogators located in the Los Angeles Basin area used in the

analysis, to the actual operational environment of such emitters. This

request was made because the fruit rates predicted by ECAC's computer I.

simulation model were higher in comparison to those measured during a Lincoln

Laboratory flight test (see Reference 12). As a possible source of the

discrepancy between predicted and measured fruit rates, the location, status,

and operational characteristics for each of the interrogator sites used in the

current analysis was investigated. The results of this investigation were

used to define an updated interrogator deployment. This updated interrogator

deployment was limited to new data received before 15 May 1984.

A computer simulation using the updated interrogator deployment with Long
Beach as the interrogator of interest (I ) was performed to compare predicted

0

fruit rates with the Lincoln Laboratory flight test measurements. In

addition, the air traffic deployment C discussed in the body of this report

was used for this simulation in order to approximate the aircraft density that

was observed during the Lincoln Laboratory flight test.

Contained in this appendix are 1) the rationale used to determine the

updated interrogator deployment and 2) the fruit rate predicted by the TCAS

simulation model using the updated interrogator deployment.
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rJwlatd Interrogator Depl,yment

To investigate the location and operational characteristics for each of

the various ATCRBS interrogator sites, data was compiled from various

sources. The sources are:

1. Direct contacts with site personnel to obtain operational

characteristics for that site.

2. (ontacts with both DoD and FAA Western Area Frequency

* Coo~rdinators.

3. Formal ECAC letters requesting operational characteristics from

each interrogator site.

4. Government Master File (GMF) data file.

The GMF was found to be an accurate source of information relative to

-ite location. The site contacts were essential in obtaining data not

routinely found in the GMF but necessary for the analysis.

Once the data was compiled, two operational considerations were used to

cull the environment. These considerations are:

1. Some DoD interrogator facilities are used for training exercises

and operate infrequiently with no fixed schedule. Due to the sporadic and

unpredictable operating times of these facilities, they are not considered as

part of the updated interrogator deployment. Other DoD interrogator training

facilities that operate on a fixed schedule (e.g., 5 days per week, 8 hrs per

day) are considered as part of the updated interrogator deployment.

2. Interrogator sites that are used for testing purposes by various

private contractors are infrequently used and therefore not considered for the

analysis. The operational time for these types of facilities is on the

average of two hours per month.

Of the original 61 interrogator sites identified in the existing ECAC

ATCRBS data base (see Section 2), 23 were found to be no longer operational,

D -2 T
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therefore not considered as part of the updated interrogator deployment. An

additional 11 sites, although operational, were eliminated due to infrequent

')peratinq time. These 11 sites include 1) DoD training facilities operatinq
,%" ..

s'xpradically with no fixed schedule, and 2) private contractors facilities .

used for equipment testing that operate on the average two hours per month.

The survey also indicated that there were 8 new interrogator facilities within

the Los Angeles region. The resulting 35 interrogator sites which constitute

the updated deployment are:

Angel Peak Laurel Mountain Palm Sprinqs

Bakersfield Lemoore Paso Rables

Boron Long Beach Point MuCTu

Burbank Los Alamitos San Clemente

China Lake Los Angeles (2) San Nicolas (2)

Edwards March San Pedro .,

El Toro Miramar Santa Anna -

Fremont Valley Mount Laguna Santa Barbara

George North Island Searles Valley

Imperial Beach Norton Vandenberg

Indian Wells Ontario Velvet Peak

Figure D-1 illustrates the location of these 35 sites.

1r, ;,d'ition, the updated interroqator deployment also contains the new

ezc e:. haracteristics obtained for each site. These characteristics

.nclivde updated interrogator output power, Pulse Repetition Frequency (PRF),

antenna -jaln and mode interlace.

Predicted TCAS Simulation Results

Using the updated interrogator deployment and aircraft deployment C, a

computer simulation was conducted comparing simulation results with Lincoln .

Laboratory flight test data.

D-3
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The i ncoln Iiboratory test flight, illustratedI in i(iqure D-2, followed a

pIt1 I rnn Newport Ii.,ch to the San Gabriel Mountains. Fruit rates were

measured along the flight path by a TCAS II M-equipped aircraft utilizinq only .

the top antenna at altitudes of 5500 and 8500 feet with a nominal sensitivity

of -77 dBm. Fruit rate data was available from Lincoln Laboratory only for

the altitude of 5500 feet.

For the computer simulation, 20 data points were placed along the

measurement flight path shown in Figure D-2. These simulation results are

presented in Figure D-3. The average fruit rate predicted for the altitude of

5500 feet was 11466 per second. These predictions compare favorably with the

Lincoln Lahoratory's measured average fruit rate of 12,300 per second. This

represents a difference of 7.2% between the predicted and measured data.

D-5
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°'4"

(-o20 SAN GABRIEL MOUNTAINS

VAN NUJYS 1q.-18
BURBANK

'SNA MONIA MOUNTAINS
16

MONLONG

BEALACAC

LONG -"'-

28 .

aa

SEA--BEACH

aNumbers indicate the test data points. ,,,1 a
. .%

Figure D-2. Lincoln Laboratory flight test path.
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APPENDIX E
6 %

ARTS III TRACKER RESULTS

The following Figures E-1 through E-11 present the ARTS III tracker

results for transponder deployments A, B, B3 and C both with and without

TCAS II M operating and with the combined TCAS I and WCAS II M operating.

Each figure graphically illustrates for each scan (1-10) the number of

aircraft in each track firmness state. The two tables are included as

examples to show the relationship between actual numbers and graphical

representation. TABLES E-1 and E-2 correspond to Figures E-1 and E-2

respectively.
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